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ABSTRACT 

Mean v e l o c i t y  p r o f i l e  d a t a  a r e  r epo r t ed  f o r  blown, unblown, 

and sucked a c c e l e r a t e d  t u r b u l e n t  boundary l a y e r s *  The p r e s s u r e  

g r a d i e n t s  i n v e s t i g a t e d  a r e  t hose  corresponding t o  c o n s t a n t  va lues  

of t h e  p re s su re  g r a d i e n t  parameter ,  

-6 The two va lues  of K cons idered  i n  d e t a i l  a r e  0.57 x 10 and 

1 . 4 5  x For  each p re s su re  g r a d i e n t ,  t h e  s u r f a c e  boundary 

c o n d i t i o n s  cover  a range of c o n s t a n t  blowing and suck ing  f r a c t i o n s  

from F = -0.002 t o  +0.004. 

Ve loc i ty  p r o f i l e s  corresponding t o  tliese a c c e l e r a t e d  f lows 

a r e  shown t o  d i f f e r  s u b s t a n t i a l l y  from those  c h a r a c t e r i s t i c  of 

ze ro  p r e s s u r e  g r a d i e n t  f lows .  

For each case  of a  c o n s t a n t  K a c c e l e r a t i o n ,  s e q u e n t i a l  

va lues  of t h e  momentum t h i c k n e s s  Reynolds number approach a  

spec i f  i c  c o n s t a n t ,  and t h e  v e l o c i t y  d i s t r i b u t i o n s  n e a r  t h e  w a l l  

a r e  s i m i l a r  i n  bo th  w a l l  coo rd ina t e s  and o u t e r  c o o r d i n a t e s .  

Resu l t s  ob ta ined  he re  can be reproduced by a numerical  

i n t e g r a t i o n  of t h e  boundary l a y e r  equa t ions  u s i n g  a m o d i f i c a t i o n  

of t h e  Van D r i e s t  damping f a c t o r ,  A+ , der ived  from t h e  data 

p re sen t ed  h e r e .  The A+ c o r r e l a t i o n  i s  p re sen t ed .  



NOMENCLATURE 

f u n c t i o n  i n  modified Van D r i e s t  mixing- length hypothes i s  

2 
f r i c t i o n  f a c t o r ;  cf/2 = gCrw/(p,u, ) 

base of na tura ' l  logar i thms 

blowing f r a c t i o n ;  F = (pv)w/ ( p ~ ) ,  

F1 p r o f i l e  shape parameter;  H = - 
F2 

Von Karman c o n s t a n t  

l o c a l  p re s su re  g r a d i e n t  parameter; K = - [>] 
urn 

P rand t l  mixing-length def ined  by T = pR 

pressure  

+ gc ww dP -K pres su re  g r a d i e n t  parameter; P = .T (=) = 

PwU, 

u,x 
Reynolds number based on p o s i t i o n  a long the  p l a t e ;  - 

v 

urn F2/v 
X 

I n t eg ra t ed  x-Reynolds number, Rx 

v e l o c i t y  i n  t he  mainstream d i r e c t i o n ,  f t / s e c  

veloc i t y ,  f t / s e c  

dimensionless v e l o c i t y ;  u+ = u/uT 



shea r  v e l o c i t y ;  u = 
T 

f t / s e c  

v e l o c i t y  pe rpend icu l a r  t o  t h e  w a l l ,  f t / s e c  

+ dimensionless  blowing v e l o c i t y ;  vw = vW/uT 

d i s t a n c e  a long  t h e  p l a t e  i n  t he  f low d i r e c t i o n ,  

inc  he s 

d i s t a n c e  a long  a l i n e  pe rpend icu l a r  t o  the  p l a t e ,  

inches ,  y  = 0 a t  p l a t e  s u r f a c e  

+ dimensionless  d i s t a n c e ;  y  = yuT/v 

boundary l a y e r  t h i cknes s ;  y  a t  - =  0.99 
UCO 

displacement  t h i cknes s ;  

momentum th. ickness of t he  boundary l a y e r ;  

o u t e r  r eg ion  mixing- length  c o n s t a n t  

dynamic v i s c o s i t y ,  lbm/ (see  f t )  

kinematic v i s c o s i t y ,  f  t2 /sec  

d e n s i t y ,  lbm/f t3 

shea r  s t r e s s ,  1 b f / f t 2  

+ dimensionless  s h e a r  s t r e s s ;  T = T / T ~  



Subscripts 

t denotes turbulent contribution 

w wall condition 

00 free-stream condition 



I N T R O D U C T I O N  

The turbulent  boundary l a y e r  with non-zero normal v e l o c i t y  

a t  the sur face ,  vw , i s  of considerable  p r a c t i c a l  i n t e r e s t .  

I n j e c t i o n  of f l u i d  a t  a  sur face  i s  f requent ly  used f o r  thermal 

p ro tec t ion ,  and suc t ion  i s  used f o r  boundary l a y e r  c o n t r o l .  In 

many app l i ca t ions  the mainstream f l u i d  i s  acce le ra t ing  or  de- 

c e l e r a t i n g  and the combined e f f e c t s  of t r a n s p i r a t i o n  a t  t h e  su r -  

face ,  and acce le ra t ion  a t  the  main flow, must be considered. A 

survey of the e x i s t i n g  d a t a  on the  tu rbu len t  boundary l a y e r s  

where t r a n s p i r a t i o n  and mainstream acce le ra t ion  a re  present  

ind ica tes  a  need f o r  f u r t h e r  work. Exis t ing  tu rbu len t  boundary 

I I l a y e r  theory" p resen t ly  r e l i e s  heavi ly  on experimental r e s u l t s ;  

accurate  and well  documented ve loc i ty  measurements a re  necessary 

as a  t e s t  f o r  any t h e o r e t i c a l  developments. 

The present  paper i s  r e s t r i c t e d  t o  boundary l a y e r  flows 

charac ter ized  by cons tant  values of the  acce le ra t ion  parameter 

v U, K(K = -), and blowing f r a c t i o n  F (F = The flows 

U, dx 

considered a re  two-dimensional, constant  property flows over an 

aerodynamically smooth sur face ,  as  near ly  as the apparatus permits .  

Review of Previous Experimental Work 

Although i n  recent  yea r s  a  number of experimental hydrodynamic 

inves t iga t ions  have been concerned with t r ansp i red  or  acce le ra ted  

boundary l aye r s ,  only two a re  known t o  consider  the combined 

e f f e c t s ,  Each d e a l t  only with blown l a y e r s ,  and n e i t h e r  pre-  

sented enough experimental da ta  t o  adequately represent  the  

boundary l aye r  c h a r a c t e r i s t i c s  . 



Romanenko and Kharchenko [ l ]  recorded f r i c t i o n  f a c t o r  and 

S tan ton  number d a t a  f o r  some combined c a s e s ,  b u t  d i d  no t  p r e s e n t  

p r o f i l e s  of v e l o c i t y  o r  temperature .  McQuaid [2] r e p o r t s  two 

combined blowing and a c c e l e r a t e d  runs .  Using f r i c t i o n  f a c t o r s  

corresponding t o  S tevenson ' s  inner  l a w  [ 3 ] ,  McQuaid was ab le  t o  

p r e d i c t  momentum th i ckness  d i s t r i b u t i o n s  which agreed w e l l  wi th  

the  exper imenta l ly  determined d i s t r i b u t i o n s ,  b u t  t h e r e  i s  a 

ques t ion  as  t o  whether t h i s  i s  a s e n s i t i v e  t e s t  of f r i c t i o n  

f a c t o r  when blown boundary l a y e r s  a r e  cons idered .  Acce le ra t ions  

were r e l a t i v e l y  smal l  compared t o  those  cons idered  h e r e .  

Experimental  i n v e s t i g a t i o n s  have shown t h a t  s i g n i f i c a n t  

changes i n  boundary l a y e r  c h a r a c t e r i s t i c s  r e s u l t  from a c c e l e r a t i o n  

even on an impermeable s u r f a c e .  Launder and Stinchcombe [ 4 ]  

s t u d i e d  flows wi th  a c c e l e r a t i o n s  a t  c o n s t a n t  K i n  which the  

l o c a l  momentum th i ckness  Reynolds number, ReM , approached an 

asymptotic l i m i t .  The v e l o c i t y  p r o f i l e s  e x h i b i t e d  s i m i l a r i t y .  

-6 -6 -6 
Tes t s  were run a t  K =  0.7 x  10 , 1.25  x  10 , and 3 x  10 

and, a s  I< was increased ,  a  continuous s h i f t  from a t y p i c a l  

non-acce le ra ted  t u r b u l e n t  p r o f i l e  was shown. This s h j f t  was 

c h a r a c t e r i z e d  by a th i cken ing  of t he  v i scous  r eg ion  r e s u l t i n g  

i n  an upward displacement of the  v e l o c i t y  p r o f i l e  i n  t h e  log-  

-I- a r i t hmic  region on u  , y+ coord ina t e s ,  and a simultaneous 

decrease  i n  t h e  e x t e n t  and s t r e n g t h  of t h e  wake reg ion .  La te r  

experiments of Launder and Jones [5]  do no t  co r robora t e  t he  

q u a n t i t a t i v e  r e s u l t s  of Launder and Stinchcombe, b u t  t he  same 

q u a l i t a t i v e  conc lus ions  were found t o  apply.  This behavior  i n  

t h e  i nne r  regions  of t he  boundary l a y e r  i s  c o n s i s t e n t  wi th  t h e  

f ind ings  of the  s t r u c t u r e  s t u d i e s  of Kline,  Reynolds, Schraub 



and Xunstadler  [6]. They found t h a t  a decrease  i n  t h e  b u r s t i n g  

r a t e  oi' t u r b u l e n t  d i s tu rbances  o r i g i n a t i n g  a t  t h e  w a l l  i s  

a s s o c i a t e d  wi th  an i n c r e a s e  i n  K . 
The experiments of Badri ,  Naroyanan and Ramjie [7] were 

concerned wi th  bo th  cons t an t  and v a r i a b l e  K f lows,  and demon- 

s t r a t e d  the  same p r o f i l e  behavior .  The experiments of P a t e l  and 

Head [8] were concerned wi th  boundary l a y e r  f lows f o r  which K 

was s t r o n g l y  varying,  b u t  o therwise  showed the  same e f f e c t s .  

The case  of t r a n s p i r a t i o n  wi th  c o n s t a n t  f r ee - s t r eam v e l o c i t y  

has  been f a i r l y  completely s t u d i e d  ( see  f o r  example McQuaid [2], 

and Simpson [g]). It i s  ev iden t  t h a t  t h e  case  of a c c e l e r a t i o n  

wi th  no t r a n s p i r a t i o n  has been only incompletely s t u d i e d ,  and 

the  combined case  of t r a n s p i r a t i o n  wi th  a c c e l e r a t i o n  has  been 

v i r t u a l l y  untouched. I n  view of the  s u b s t a n t i a l  s t r u c t u r a l  

changes observed f o r  e i t h e r  of t he se  e f f e c t s  a lone,  it i s  

extremely d i f f i c u l t  t o  a n t i c i p a t e  t h e  i n f luence  of t he  combination 

of t r a n s p i r a t i o n  and a c c e l e r a t i o n .  

Desc r ip t ion  of an Asymptotic Boundary Layer 

The two-dimensional momentum i n t e g r a l  equa t ion  can be 

presen ted  i n  t h e  form, 

", 
where dRex = - 

V 
dx . 



For cons t an t  va lues  of K and F , t h e  p o s s i b i l i t y  e x i s t s  t h a t  

the  boundary l a y e r  w i l l  develop such t h a t  t h e  terms on t h e  r i g h t  

s i d e  of equa t ion  (1) w i l l  ba lance ,  f o r c i n g  the  d e r i v a t i v e  

dReM 

d R e  t o  ze ro .  Such a boundary l a y e r  w i l l  be termed asymptotic 
X 

i n  t he  regime where ReM i s  c o n s t a n t .  There i s  no ques t ion  t h a t  

such boundary l a y e r s  e x i s t  f o r  laminar  flows; i n  f a c t ,  they form 

a  fami ly  of s i m i l a r i t y  s o l u t i o n s .  Turbulent  boundary l a y e r s  a l s o  

behave i n  t h i s  manner. Such boundary l a y e r s  e x h i b i t  bo th  i n n e r  

and o u t e r  s i m i l a r i t y ,  wi th  cf/2 and . H be ing  cons t an t ,  as 

we l l  as ReM . 
The experiments r epo r t ed  he re  were r e s t r i c t e d  t o  asymptot ic  

and nea r  asymptotic boundary l a y e r s  f o r  purposes of convenience.  

For t h e s e  f lows,  equa t ion  (1) y i e l d s  one method of e s t i m a t i n g  
dReM 

f r i c t i o n  f a c t o r  s i n c e  the  d e r i v a t i v e ,  - , r ep re sen t s  a co r -  dRex 

r e c t i o n  t o  t h e  asymptotic form of equa t ion  (1). This i s  a 

4 c s i r a b l e  c h a r a c t e r i s t i c  s i n c e  d i r e c t  measurement of f r i c t i o n  

E?ctor was n o t  p o s s i b l e  on the  appara tus  used.  These f lows a r e  

a l s o  c h a r a c t e r i z e d  by cons t an t  va lues  of the  blowing parameters  

E and vwf , as w e l l  as P+ , which a r e  d e s i r a b l e  c h a r a c t e r i s t i c s  

i n  t he  formula t ion  of d a t a  c o r r e l a t i o n s .  

ObJectives of t h e  Presen t  Work - 

The o v e r a l l  i n t e n t  of t he  work presen ted  here  w a s  t o  i n v e s t i -  

g a t e  t h e  f l u i d  dynamic behavior  of t he  t u r b u l e n t  boundary l a y e r  

where t he  combined e f f e c t s  of t r a n s p i r a t i o n  and a c c e l e r a t i o n  a r e  

p r e s e n t .  The range of blowing, s u c t i o n ,  and a c c e l e r a t i o n  consid-ered 

covers  many p r a c t i c a l  a p p l i c a t i o n s  where t u r b u l e n t  boundary l a y e r  



theory i s  a p p r o p r i a t e .  The p a r t i c u l a r  o b j e c t i v e s  of t h i s  paper 

a r e  : 

( I )  To p r e s e n t  mean v e l o c i t y  p r o f i l e  d a t a  t aken  on the  

S tanford  Heat and Mass Trans fe r  Apparatus; 

( 2 )  To p r e s e n t  s k i n  f r i c t i o n  r e s u l t s  ob t a ined  from t h e  

mean v e l o c i t y  p r o f i l e s ;  

(3) To r e p r e s e n t  t he  combined e f f e c t s  of t r a n s p i r a t i o n  

and a c c e l e r a t i o n  i n  t h e  form of a mixing- length  model 

based on t h e  Van D r i e s t  damping f u n c t i o n .  

EXPERIMENTAL APPARATUS 

The S tanford  Heat and Mass T rans fe r  Apparatus was used i n  

t.hese exper iments .  Since  t h i s  i s  descr ibed  i n  d e t a i l  by Moff a t  

and Rays [10,11] ,  only  a b r i e f  d e s c r i p t i o n  w i l l  be p r e sen t ed  

h e r e .  

 he appara tus  c o n s i s t s  of a 24-segment porous p l a t e ,  8- 

fee t ,  long  and 18- inches  wide. The p l a t e  forms t h e  lower surfa.ce 

of a t e s t  d-uct of r e c t a n g u l a r  c r o s s - s e c t i o n ,  20 inches  wide and 

6 inches  h igh  a t  t h e  i n l e t  end of t h e  duc t .  The upper s u r f a c e  

i s  a d j u s t a b l e  t o  achieve any d e s i r e d  f r ee - s t r eam v e l o c i t y  a i  s-  

t r i b u t i o n  a long t h e  duc t .  The p l a t e s  a r e  1/4-inch t h i c k ,  smooth 

t o  t he  touch and uniform i n  p o r o s i t y  w i t h i n  - + 6 pe rcen t  i n  t h e  

s i x - i n c h  span a long  t h e  t e s t  duc t  c e n t e r l i n e  where v e l o c i t y  

p r o f i l e s  a r e  t aken .  Separa te  mainstream and t r a n s p i r a t i o n  

blowers provide  t h e  system wi th  a i r ,  while h e a t  exchangers a r e  

used t o  c o n t r o l  a i r  t empera ture .  Conventional  temperature  and 

f l o w  r a t e  ins t ruments  were used t o  monitor  t h e  o p e r a t i o n  of t h e  

appa ra tu s .  



Mean v e l o c i t y  p r o f i l e s  were t aken  wi th  s t a g n a t i o n  p re s su re  

probes similar t o  those  used by Simpson [g] and u s i n g  t he  same 

manual t r a v e r s i n g  equipment. The probes had f l a t t e n e d  mouthes, 

0 ,012  inch  by 0 .035 inch .  They were a t t a c h e d  t o  micrometer- 

d r iven  t r a v e r s i n g  ins t ruments  f a s t e n e d  t o  a  r i g i d  suppor t  frame. 

Dynamic p re s su re s  were measured w i th  c a l i b r a t e d  i n c l i n e d  manom- 

e t e r s .  

S t a t i c  p r e s s u r e  t a p s  were l o c a t e d  a t  2-inch i n t e r v a l s  

a long one s ide -wa l l  of t h e  t e s t  s e c t i o n .  Free-s t ream s t a t i c  

p r e s su re  was shown t o  be equa l  t o  t h a t  sensed by t h e  s i d e  w a l l  

t a p s  by u s ing  s t a t i c  p r e s s u r e  probes i n  each a c c e l e r a t e d  f low.  

A l l  recorded d a t a  were t aken  u s i n g  t h e  s ide -wa l l  t a p s .  

QUALIFICATION OF THE APPARATUS 

It has a l r eady  been r epo r t ed  by Simpson, Moffat and Kays 

[12] t h a t  t he  appara tus  meets t h e  requirements  of  t h e  i d e a l i z e d  

?low model f o r  c o n s t a n t  f r ee - s t r eam v e l o c i t y :  i. e . ,  s t eady ,  two- 

dimensional ,  c o n s t a n t  p rope r ty  f low over a smooth uniformly 

permeable f l a t  p l a t e .  Acce l e r a t i on  emphasizes o t h e r  requirements ,  

beyond those  of t h e  f l a t  p l a t e .  Those e f f e c t s  a r e  g iven  a d d i t i o n a l  

c o n s i d e r a t i o n  [13]  i n  t h e  p r e s e n t  exper iments .  These a r e  sum- 

marized below. 

Free-s t ream turbu lence  i n t e n s i t i e s  were found t o  be between 

0 . 8  and 1 . 2  pe rcen t  a t  t h e  i n l e t  cond i t i ons  a l though  v e l o c i t y  

p r o f i l e s  f o r  impermeable f l a t - p l a t e  f lows s a t i s f y  Coles l  

I I c r i t e r i o n  f o r  normal" boundary l a y e r s  [14]  . 
Surface  roughness e f f e c t s  were i n v e s t i g a t e d  by a s e r i e s  of 

t e s t s  a t  42, 86 and 126 f p s .  I n  t h e  data f o r  42 and 86 f g s ,  mean 



rie1or:lty p r o f i l e s  e x h i b i t e d  uf v s .  y+ s i m i l a r i t y  near  t h e  

+ wall (gr < l j j O ) ,  when w a l l  s h e a r  was determined from s e q u e n t i a l  

v e l o c i t y  p r o f i l e s  by means of t h e  momentum i n t e g r a l  equa t ion .  

:in tile d a t a  f o r  126 f p s  a  s l i g h t  drop i n  uC was observed f o r  

t h e  v e l o c i t y  p r o f i l e s ,  s o  t e s t s  were r e s t r i c t e d  t o  v e l o c i t i e s  

l e s s  t han  86 f t / s e c .  P l a t e  roughness e lements ,  cons idered  as 

half t h e  p a r t i c l e  d iameter ,  were c a l c u l a t e d  t o  remain i n s i d e  

the  v i scous  r e g i o n  of t h e  boundary l a y e r  a s  b e s t  a s  t h i s  can 

be det4ermined. 

Acce l e r a t i ng  f lows a r e  n e c e s s a r i l y  accompanied by stream- 

wise v a r i a t i o n s  i n  s t a t i c  p r e s s u r e .  V a r i a t i o n s  i n  t h e  t r a n s p i r a -  

tj-on mass f l u x  through each p l a t e  due t o  t h e s e  v a r i a t i o n s  were 

found t o  be n e g l i g i b l e .  For each s t a t i c  p r e s su re  d i s t r i b u t i o n  

i n  t h e  exper iments  r epo r t ed  no temperature  g r a d i e n t s  were found 

i n  t h e  p l a t e s  when they were hea ted ,  w i th  e i t h e r  blowing o r  

s u c t i o n  a p p l i e d .  The p re s su re  drop through each p l a t e  w a s  found 

t,o be not  l e s s  t h a n  10 t imes  t h e  drop a c r o s s  t h e  span of any 

p i a t e  a t  t h e  lowes t  blowing f r a c t i o n  of 0.001.  

Two-dimensionality of a flow can  only be determined by 

elabora, te  probing of t h e  boundary l a y e r .  This was n o t  done, b u t  

secondary evid-ence was ob ta ined  by comparing en tha lpy  t h i c k n e s s  

der ived  from p l a t e  h e a t  t r a n s f e r  measurements w i th  va lues  d e t e r -  

mined from temperature  and v e l o c i t y  p r o f i l e s  . Such checks were 

made p o s s i b l e  by thermal  d a t a  ob ta ined  on the  appara tus  f o r  t h e  

same c o n d i t i o n s  as the  hydrodynamic d a t a  [15 ] .  Energy ba l ance  

ciiecks showed. agreement w i t h i n  8 pe rcen t  f o r  a l l  blowing runs .  

This i s  w i t h i n  t h e  u n c e r t a i n t y  c a l c u l a t e d  f o r  t he  en tha lpy  t h i c k -  

ness  integra1.s u s i n g  t h e  method of Kline and McClintock [ l 6 ] .  



I n  view of t he se  r e s u l t s ,  t h e  observed behavior  of t h e  

d a t a  p r e sen t ed  i s  f e l t  t o  f a i r l y  r e p r e s e n t  t h e  e f f e c t s  of ac-  

c e l e r a t i o n  and t r a n s p i r a t i o n .  

EXPERIMENTAL DETERMINATION OF FRICTION FACTOR 

Determinat ion of f r i c t i o n  f a c t o r s  t o  an  accep tab l e  degree 

of accuracy from v e l o c i t y  p r o f i l e  measurements i s  extremely 

d i f f i c u l t  a t  b e s t .  When t h e  f low is  a c c e l e r a t i n g ,  and t h e r e  i s  

t r a n s p i r a t i o n  a t  t h e  w a l l ,  t h e  d i f f i c u l t i e s  a r e  compounded. There 

I I i s  no t u r b u l e n t  l a w  of t h e  w a l l "  w i th  which t o  compare p r o f i l e s ;  

i n  f a c t  an important  o b j e c t i v e  of t h e  experiments was t o  a t t empt  

t o  e s t a b l i s h  a "law of t h e  w a l l "  under t h e s e  c o n d i t i o n s .  

There a r e  two p h y s i c a l  p r i n c i p l e s  which must hold;  (a)  t h e  

momentum i n t e g r a l  equa t ion  of the  boundary l a y e r  must be s a t i s f i e d ,  

and ( b )  i n  t h e  r eg ion  very nea r  t he  w a l l  t h e  t u r b u l e n t  s h e a r  

s t r e s s e s  should be small r e l a t i v e  t o  v i scous  shea r ;  i . e . ,  a 

v e l o c i t y  equa t ion  based on v i scous  s h e a r  a lone  must be s a t i s f i e d .  

However, t h e r e  a r e  cons ide rab l e  exper imental  u n c e r t a i n t i e s  i n  

u s i n g  e i t h e r  of t h e s e  p r i n c i p l e s  t o  e x t r a c t  f r i c t i o n  f a c t o r s  from 

t h e  d a t a .  Eq. (1) can be so lved  f o r  cf/2 , b u t  u n c e r t a i n t y  i n  

t h e  term d ~ e d d ~ e ~  (which i s  never  q u i t e  z e r o )  coupled w i th  

u n c e r t a i n t y  a s  t o  t h e  degree of two-dimensional i ty  of t h e  f low,  

r e s u l t  i n  u n c e r t a i n t i e s  i n  cf/2 of a t  l e a s t  + 15 pe rcen t  f o r  

t h e  unblown runs,  and a s  much a s  - + 50 pe rcen t  f o r  t h e  h i g h l y  

blown runs .  On t h e  o t h e r  hand, t he  use  of a  v i scous  sub l aye r  

equa t ion  a s  suggested i n  (b )  above, i s  s u b j e c t  t o  u n c e r t a i n t i e s  

If r e s u l t i n g  from the  use  of a  probe which i s  l a r g e "  compared t o  

t h e  boundary l a y e r .  



A t h i r d  p r i n c i p l e ,  which can only r e a l l y  be appl ied sub- 

j e c t i v e l y ,  i s  t h a t  the f i n a l  r e s u l t s  must be i n t e r n a l l y  c o n s i s t e n t .  

Abrupt changes i n  cf/2 a re  not expected when a l l  of the ex te rna l  

parameters a re  he ld  c lose  t o  constant ,  and the  v a r i a t i o n  of 

cf/2 with the e x t e r n a l  parameters i s  expected t o  be continuoils. 

The inner  region of the  ve loc i ty  p r o f i l e s ,  when p l o t t e d  on wall  

coordinates  (uf vs .  y+) should col lapse  together  when P+ and 

v+ a re  near ly  const ant,  regardless  of whether the p r o f i l e  i s  
W 

obtained very near the asymptotic condi t ion,  o r  considerably 

before it .  

The procedure used here t o  determine cf/2 was based on 

the momentum i n t e g r a l  method with the  r e s u l t s  ad jus ted  ins ide  

the  uncer ta in ty  i n t e r v a l  t o  ob ta in  s i m i l a r i t y  i n  the  sublayer  

+ region (y+ < 15) i n  u , y+ coordinates .  

The f i r s t  es t imates  of cf/2 were determined by evalua t ing  

the  terms of Equation (1) a t  each of four  s t a t i o n s  ins ide  the  

cons tant  K region: note t h a t  the  most d i f f i c u l t  term t o  

evalua te ,  dReddRex i s  near ly  zero f o r  the  runs repor ted  here 

( i t  would be i d e n t i c a l l y  zero f o r  a  p e r f e c t l y  asymptotic f low) .  

+ + Data from each of the four  p r o f i l e s  were then reduced t o  u  , y 

coordinates  using the momentum-based values of cf/2 and compared 

with t h e  laminar sublayer  equation p red ic t ions  f o r  the same con- 

d i t i o n s  of blowing and acce le ra t ion .  A s i n g l e  sublayer  p r e d i c t  ion 

was judged appropriate  f o r  each run, covering four  p r o f i l e s  s ince  

the  sublayer  equat ions,  Equations 3 and 4, a r e  not highly s e n s i t i v e  

t o  the  value of cf/2 and the  momentum based values of cf/2 

d i d  not  vary much along the  acce le ra t ion  region 



+ f o r  vw # 0.0 

and, 

+ f o r  vw = 0.0 

These equations r e s u l t  from i n t e g r a t i o n  of the  X-momentum 

equat ion of the  boundary l aye r ,  neglec t ing  X-derivatives of 

ve loc i ty  and tu rbu len t  shear  s t r e s s e s .  

In  genera l ,  the p r o f i l e  d a t a  f e l l  c lose  t o  the  sublayer  

+ pred ic t ion  ins ide  y of 15, although not  exact ly  on the curve.  

Par t  of the  d i f fe rence  was a t t r i b u t e d  t o  random u n c e r t a i n t i e s  i n  

the  momentum-based f r i c t i o n  f a c t o r  and p a r t  t o  the  systematic  

e f f e c t  of the  v e l o c i t y  gradient  on the  apparent l o c a t i o n  of the  

p i t o t  probe when near the wal l .  No attempt was made t o  evalua te  

wall-displacement e f f e c t s  on the probe readings.  For eaxh run, 

one o r  more reference p r o f i l e s  were s e l e c t e d  and t h e i r  cf/2 

values f ixed  exact ly  a t  the momentum based value.  Values of 

cf/2 f o r  the  o ther  p r o f i l e s  were then adjus ted  t o  force  

coincidence with these reference p r o f i l e s  i n  the sublayer  regi-on, 

This i s  an attempt a t  removing the  random component of the  un- 

c e r t a i n t y  i n  cf/2 by smoothing the momentum based r e s u l t s  t h r u  

the  sublayer  equat ion.  It does not c o n s t i t u t e  a  t r u e  sublayer  



method, s i n c e  no e f f o r t  was made t o  e l i m i n a t e  t he  e f f e c t s  of 

shea r  and w a l l  p roximity  from the  d a t a .  I n  a l l  cases  t h e  

cf/2 va lues  s t ayed  w i t h i n  t he  c a l c u l a t e d  u n c e r t a i n t y  i n t e r v a l s  

surrounding t h e  o r i g i n a l  e s t ima te s  of s k i n  f r i c t i o n  based on 

t h e  momentum equa t ion .  

For the  cases  of no t r a n s p i r a t i o n ,  and cons t an t  f r ee - s t r eam 

v e l o c i t y ,  a  f u r t h e r  c o n s i d e r a t i o n  was t h a t  t he  r e s u l t s  should be 

I 1  c o n s i s t e n t  w i th  t h e  l a w  of t h e  w a l l "  e s t a b l i s h e d  by Simpson [g] 

from measurements on t h e  same appara tus  : 

The f i n a l  s k i n  f r i c t i o n  r e s u l t s  f o r  58 out  of 68 p r o f i l e s  

f a l l  w i t h i n  - + 10 percen t  of t he  r e s u l t s  obta ined from t h e  momentum 

i n t e g r a l  method, and a l l  of t h e  p r o f i l e s  p resen ted  i n  t h i s  paper 

a r e  w i t h i n  t h e  + 10 percen t  i n t e r v a l .  Because of t h e  degree of - 
s u b j e c t i v e  i n t e r p r e t a t i o n  involved,  t h e  v e l o c i t y  p r o f i l e s  a r e  

p resen ted  no t  only i n  terms of uf v s .  yf , b u t  a l s o  i n  t h e i r  

o r i g i n a l  form, u/um v s .  y/6 . The au thors  f e e l  t h a t  the  t r u e  

va lues  of cf/2 cannot d i f f e r  from t h e  r epo r t ed  va lues  by more 

than  - + 10 percen t  i f  s e r i o u s  i n t e r n a l  i n c o n s i s t e n c i e s  a r e  no t  

a l lowable .  

EXPERIMENTAL RESULTS 

The exper imental  d a t a  c o n s i s t  of mean v e l o c i t y  p r o f i l e s  

ob ta ined  i n  near-asymptotic boundary l a y e r  f lows where t h e  

p re s su re  g r a d i e n t  parameter K and blowing f r a c t i o n  F  a r e  

maintained c o n s t a n t .  Data a r e  p resen ted  f o r  two p re s su re  



grad ien t s :  K = 0.57 x  and 1 .45  x  l o w 6 .  For each pressure 

g rad ien t ,  t he  condi t ions inves t iga ted  cover a  range of uniform 

blowing f r a c t i o n s  from F = -0.002 t o  +0.004. A complete descr ip-  

t i o n  of these da ta  i s  presented by J u l i e n  [ l 3 ]  along with o ther  

-6 d a t a  c o v e r i n g K = 0 . 7 7  x 10 and da ta  f o r  higher  blowing f r a c t i o n s  

than reported here (up t o  F  = +0.006). The d a t a  s e l e c t e d  f o r  pre- 

s e n t a t i o n  here a re  bel ieved represen ta t ive  of the  processes involved. 

Selected da ta  a re  summarized i n  Figures 1 through 6 and a re  

a l s o  presented i n  Table 1 f o r  the convenience of those wishing 

q u a n t i t a t i v e  values f o r  comparison with p red ic t ions .  

+ 
The ve loc i ty  p r o f i l e s  a r e  presented i n  w a l l  coordinates  (u 

vs .  yC) i n  Figures 1 through 6 .  For purposes of comparison, the  

"law of the  w a l l " ,  with cons tants  proposed by Simpson [g], i s  a l s o  

presented on each of the  graphs.  The p r o f i l e  obtained i n  the con- 

s t a n t  f ree-s tream ve loc i ty  approach region i s  presented along w i t h  

the  p r o f i l e s  obtained i n  the  pressure gradient  region of the  duct ,  

It i s  shown i n  Figures 1 and 2 t h a t ,  f o r  the impermeable 

wal l  case,  F  = 0,  the  inner  regions of the  boundary l a y e r  respond 

rap id ly  t o  the  imposed pressure  gradient  and assume a  unique d i s -  

t r i b u t i o n  corresponding t o  a given value of K . Similar  inner  

region p r o f i l e s  e x i s t  i n  asymptotic boundary l a y e r  flows, and 

the shape of the p r o f i l e  i s  dependent upon the  value of t h e  l o c a l  

pressure  gradient  parameter K . 
Two c h a r a c t e r i s t i c s  of these  impermeable wal l  boundary l a y e r  

flows a re  shown i n  inner  region coordinates:  (1) The p r o f i l e s  

depart  from the f l a t  p l a t e  "law of the wa l l "  by an upward d i s -  

placement i n  the logarithmic region, and ( 2 )  t he  wake region i s  

s u b s t a n t i a l l y  diminished. The degree of upward displacement i n  



t he  logar i thmic region increases  with  K . This behavior can 

be i n t e r p r e t e d  a s  an increase  i n  the  th ickness  of the  "viscous 

sublayer"  reg ion .  The diminished wake i s  a  d i r e c t  r e s u l t  of 

the  low shear  s t r e s s  i n  the  ou te r  regions of the  l a y e r ,  a  

c h a r a c t e r i s t i c  a s soc ia t ed  with  favorable  pressure  g r a d i e n t s .  

In  Figures  3 and 4, similar e f f e c t s  of a c c e l e r a t i o n  a r e  

shown t o  e x i s t  when the re  i s  blowing a t  t h e  w a l l  (F = 0.004) .  

An upward displacement of t he  " logar i thmic" reg ion  is  noted, 

t oge the r  with a  reduct ion  of the  wake. The wake region shows a  

more s u b s t a n t i a l  decrease than the unblown l a y e r ,  i n d i c a t i n g  a  

g r e a t e r  i nc rease  i n  f r i c t i o n  f a c t o r  due t o  a c c e l e r a t i o n .  

The boundary l a y e r  flows i n  the  case of s u c t i o n  a t  t he  

wal l ,  F = -0.OO2,are shown i n  Figures  5 and 6 .  The upward d i s -  

placement of t h e  logar i thmic region,  r e l a t i v e  t o  the  sucked bu t  

unaccelerated l a y e r ,  i s  now much more s u b s t a n t i a l ,  and t h e  char-  

a c t e r i s t i c  shape of a  laminar p r o f i l e  (roundness of p r o f i l e )  i s  

approached. It appears t h a t  a  t u r b u l e n t  boundary l a y e r  i s  s t i l l  

obtained and i s  approaching an equi l ibr ium s t a t e ,  bu t  f o r  t h e  

case on Figure  6 l amina r i za t  ion  i s  apparent ly  c l o s e l y  approached. 

I n  the  o u t e r  regions of the  boundary l a y e r ,  s i m i l a r  p r o f i l e  

development w a s  a t t a i n e d  f o r  a l l  blowing and sucking f r a c t i o n s  

considered [13] .  This s i m i l a r i t y  is  found i n  "ve loc i ty-defec t  
-. u,-u 

coord ina tes"  (- v s .  y/6) a s  we l l  a s  u/U, v s ,  y/6 . The o u t e r  
U~ 

region s i m i l a r i t y ,  coupled with  the  s i m i l a r  conclusion r e l a t i n g  

t o  the  inner  regions,  confirms the ex i s t ence  of completely 

s i m i l a r  p r o f i l e s  i n  asymptotic tu rbu len t  boundary l a y e r s .  



EMPIRICAL REPRESENTATION OF THE DATA 

The primary reason f o r  obta in ing  and present ing  da ta  of 

the type discussed i n  t h i s  paper i s  t o  provide a  b a s i s  f o r  extend- 

ing turbulent  boundary theory and thereby con t r ibu t ing  t o  tu rbu len t  

boundary l a y e r  p red ic t ion  methods, The v e l o c i t y  p r o f i l e s  and 

accompanying es t imates  of cf/2 a re  presented i n  s u f f i c i e n t  de- 

t a i l  s o  t h a t ,  hopeful ly ,  o ther  workers can use the da ta  a s  a 

proving ground f o r  e i t h e r  e x i s t i n g  o r  new t h e o r e t i c a l  mod-els of 

the  tu rbu len t  momentum exchange process near  a wal l .  

Although new t h e o r e t i c a l  models w i l l  undoubtedly be 

developed, the  authors  have found t h a t  a l l  of the  r e s u l t s  pre- 

sented here,  together  with the complete s e t  of da ta  on the t r a n s -  

p i red  tu rbu len t  boundary l a y e r  with constant  Urn presented by 

Simpson [ g ] ,  can be q u i t e  adequately reproduced by a  r e l a t i v e l y  

simple mixing-length c o r r e l a t i o n .  

The major inf luence of both t r a n s p i r a t i o n  and acce le ra t ion  

i s  ev ident ly  i n  the  sublayer  region. Accelerat ion apparent ly 

iricreases the  e f f e c t i v e  sublayer  thickness  ( i n  y+ coordinates ,  

not necessa r i ly  r e a l  d i s t a n c e ) ,  a s  does blowing. A simple twc - 

l a y e r  model of the boundary l aye r ,  with the  laminar sublayer  

thickness  t r e a t e d  as  a  funct ion  of vw + and P+ , and using 

elementary Prandt l  mixing-length theory outs ide  of the laminar 

sublayer ,  works remarkably wel l .  However, f o r  computational 

convenience, and perhaps e s t h e t i c  reasons as  wel l ,  the  Van D r i e s t  

mixing-length hypothesis i s  more a t t r a c t i v e ,  and w i l l  be used 

here as  a  method f o r  c o r r e l a t i n g  the  r e s u l t s .  No claim w i l l  be 

made regarding a  t h e o r e t i c a l  b a s i s  f o r  the Van Dr ies t  hypothesis :  



it i s  merely providing a  framework f o r  an empir ica l  c o r r e l a t i o n  

of experimental  data .  The scheme used i s  as  fol lows:  

The t o t a l  shear s t r e s s  i s  considered t o  c o n s i s t  of the  sum 

of a  laminar component and a  turbulent  component. The l a t t e r ,  

T t J  i s  ca lcu la ted  from the Prandt l  mixing-theory equation, 

Equation (6)  i s  used a l l  t he  way t o  the  wall ,  and t h e  mixing- 

length ,  ,!? , i s  assumed t o  vary from zero  at the wa l l  t o  ky 

f a r t h e r  out ,  according t o  t h e  fol lowing r e l a t i o n .  

A+ i s  an empir ical  cons tant  t o  which Van Dr ies t  [17] o r i g i n a l l y  

assigned a  value 26. It i s  e s s e n t i a l l y  an e f f e c t i v e  laminar 

sublayer  th ickness .  The argument of the  exponent ial  i s  f requent ly  

expressed as  simply -y+ /~+ ;  the  product y + d ~ f  i s  the l o c a l  

value of y+ r a t h e r  than the  value based on wal l  shear  s t r e s s .  

This a l t e r a t i o n  has been used by numerous workers because it has 

the  e f f e c t  of diminishing the  sublayer region f o r  blowing, and 

increas ing  it f o r  acce lera t ion;  i n  f a c t ,  it provides a l l  of t h e  

t rends  of behavior observed. y  +fi i s  a l s o  approximately pro- 

' I  p o r t i o n a l  t o  the l o c a l  Reynolds number of turbulence" which 

perhaps provides a  f u r t h e r  explanat ion of t h e  s ign i f i cance  of 

A+. However, despi te  the  f a c t  t h a t  eva lua t ion  of y+ a t  the 
- 

4- l o c a l  shear  s t r e s s  ( i . e . ,  y  T +  ) gives the  r i g h t  t r ends ,  the  



experimental  d a t a  ind ica te  t h a t  a  s t i l l  s t ronger  e f f e c t  i s  needed 

f o r  both t r a n s p i r a t  ion and acce le ra t ion ,  Thus the  empir ica l  

c o r r e l a t i o n  t o  which we have been r e f e r r i n g  is  a  c o r r e l a t i o n  of 

A+ as a  funct ion  of v  
W 

+ and P+ . 
It should be f u r t h e r  noted t h a t  eq. (7) is  only expected 

t o  apply i n  the region of the boundary l a y e r  near  the wal l ,  and 

not  i n  the "wake" region. The l a t t e r  i s  q u i t e  adequately handled, 

a t  l e a s t  f o r  equi l ibr ium boundary l aye r s ,  by a  method t o  be 

described l a t e r .  

In  order  t o  evaluate  A+ from experimental ve loc i ty  pro- 

f i l e s  it i s  f i r s t  necessary t o  determine T+ . For asymptotic 

acce le ra t ing  boundary l a y e r s  the  s i m i l a r i t y  of ve loc i ty  p r o f i l e s  

leads  t o ,  

Equations (6)  through (8) were used t o  solve f o r  the  values 

of A+ necessary t o  p red ic t  the  experimental ve loc i ty  p r o f i l e s  

i n  the  region f a r  enough from the wal l  s o  t h a t  the  flow was 

e s s e n t i a l l y  f u l l y  turbulent ,  but  not s o  f a r  t h a t  the  wake was 

included. Essen t i a l ly  t h i s  involved matching a t  about yf = 100, 

although t h i s  a l s o  r e su l t ed  i n  a  good match over v i r t u a l l y  the  

e n t i r e  inner  region.  
,-l 
L 

The r e s u l t i n g  values of A+ a re  presented i n  Table 6 as  

+ funct ions  of P+ and vw . 
A+ was a l s o  ex t rac ted  from the da ta  of Simpson [9], obtained 

on the same apparatus f o r  a  wide range of t r a n s p i r a t i o n  with constant  



Urn . Simpsonls r e s u l t s  can be adequately represented by, 

A simpler a l t e r n a t i v e  expression which f i t s  Simpson's r e s u l t s  

nearly as  wel l  i s ,  

+ A = 
4.42 ( f o r  a l l  vw+) 

(vw+ + 0.17) 

Analysis of the  p r o f i l e s  i n  the wake region f o r  both the  

present  r e s u l t s  f o r  asymptotic acce le ra t ions ,  and Simpson's r e -  

s u l t s ,  i nd ica tes  t h a t  a constant  mixing-length i s  an adequate 

approximation. This scheme has been used extens ive ly  i n  the  

pas t ;  it works p a r t i c u l a r l y  wel l  f o r  acce le ra ted  flows simply 

because the  shear  s t r e s s  i s  s o  low i n  the  wake t h a t  high 

accuracy i s  not needed. 

.The wake c o r r e l a t i o n  derived from the  present  (and  imps son' s  ) 

r e s u l t s  i s :  

For y/F > A/k 1 = A6 (10 ) 

where, 

-0.125 
A = 0.25 Re m [ l  - 67.5 F] f o r  A > 0.085 

and = 0.085 otherwise 

For y/6 < ~ / k  eq. (7) i s  t o  be used. 

Equations (6)  through (ll), when used i n  a f i n i t e - d i f f e r e n c e  

turbulent  boundary l a y e r  p red ic t ion  program, w i l l  reproduce very 

adequately a l l  of the experimental da ta  presented i n  t h i s  paper, 

and by Simpson [g]. 



SUMMARY AND CONCLUSIONS 

(1) Experimental mean v e l o c i t y  p r o f i l e  d a t a  have been pre- 

sented f o r  constant  K acce lera ted  tu rbu len t  boundary 

l a y e r s  with and without t r a n s p i r a t i o n .  Skin f r i c t i o n  

r e s u l t s  a r e  included along with shape f a c t o r s  and 

Reynolds numbers. 

(2 )  It i s  demonstrated t h a t  an acce le ra t ion  a t  constant  K 

with t r a n s p i r a t i o n  leads  t o  an asymptotic boundary l a y e r  

having inner  and outer  s i m i l a r i t y  and constant  cf/2 , 
H , and ReM . 

( 3 )  Accelerat ion apparent ly causes an increase i n  the  th ick-  

ness of the  viscous sublayer .  Blowing opposes t h i s  e f f e c t ,  

while suc t ion  enhances i t .  It seems evident  t h a t  s t rong  

acce le ra t ion  and/or s t rong  suc t ion  w i l l  l ead  t o  a complete 

laminar iza t ion  of the  boundary l aye r ,  but  n e i t h e r  the  

acce le ra t ion  nor the  suc t ion  were c a r r i e d  t h i s  far  i n  the  

present  experiments. 

(4) An empir ical  c o r r e l a t i o n  of the d a t a  i s  presented i n  the  

form of a  c o r r e l a t i o n  of the  damping constant  A+ i n  the  

Van Dr ies t  mixing-length hypothesis .  
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Table 1 

Run No. 73068 

x = 45.64 i n  U, = 48.7 f t / sec  ReM = 775 
-6 

cf/2 = 0.00248 v,/u, = 0.0 K = 1.45 x 10 

v,+ = 0.0 P+ = -0.01172 6 = 0.430 i n  

y/6 u/U, Y + U+ 

Run No. 51468 

x = 77.79 i n  U, = 78.2 f t / sec  ReM = 1674 
-6 

cf/2 = 0.00219 v,/u, = 0.0 K = 0.586 x 10 

v,' = 0.0 P+ = -0.00571 6 = 0.588 i n  

Y/E u/u, Y + U+ 

Run No. 80768 Run No. 52868 



Table 1 (continued) 

Run No. 41268 Run No. 82068 

x = 77.79 in Urn = 77.0 ft/sec ReM = 3720 x = 49.52 in Urn = 57.0 ft/sec ReM = 1588 

cf/2 = 0.00107 vw/urn = 0.00403 K = 0.586 x 10- cf/2 = 0.00145 vW/um = 0.00406 K = 1.44 x 

v,+ = 0.1236 Pt = -0.01687 6 = 1.06 in  vw+ = 0.1066 P+ = -0.02597 6 ' =  0.606 in  



-6 
Figure  1. Mean v e l o c i t y  p r o f i l e s  f o r  F=O.OO with K=0.57x10 

-24- 



-b 
Figure 2. Mean ve. loci ty  profiles for F=O,OO with K-1.45~10 

-25- 



-6 
Figure 3. Mean v e l o c i t y  p r o f i l e s  f o r  F=0.004 wi th  K=0.57x10 

-26- 



-6 Figure 4. Mean velocity profiles for F=0.004 with ~ = l .  45x10 

-27- 



Figure  5. Mean v e l o c i t y  p r o f i l e s  f o r  F=-0.002 w i t h  K=0.57x10 -6 



Figure  6 .  Mean v e l o c i t y  p r o f i l e s  f o r  F=-0.002 wi th  K=1.45x10 -6 
-29- 




